the dopamine ␤-hydroxylase (Dbh) gene. To determine the concerted roles of NE and epinephrine, this approach was favored over the targeted disruption of indi-
Figure 1. Fertility of Female Mice Housed with Different Males after Mating
To test for pregnancy block, females were housed from 1.5 to 4.5 days postcoitus with either the stud male (familiar) of the same strain (129/SvCPJ ϫ C57BL/6J) or an unfamiliar male (strange) of a different strain (BALB/c). All females were housed with the stud males until 1.5 days after mating. Numbers above bars represent the number of female matings examined. and the stud male would block the pregnancies of mu- that the poor neonatal survival is due to impaired materessential for fetal survival (Thomas et al., 1995) . 
Results
(pups weaned). Eight females of each genotype were tested.
Olfactory Memory for Pheromones
To assess the ability of Dbh Ϫ/Ϫ females to form an olfac-BALB/c F1 males after mating, similar frequencies of pregnancy block were observed (data not shown). Thus tory memory of a stud male's pheromones, three females were housed with each Dbh ϩ/Ϫ male. Females Dbh Ϫ/Ϫ females can exhibit pregnancy block with strange males. Because pregnancy block did not occur when were examined each morning for the presence of a mucous vaginal plug indicative of mating. Dbh Ϫ/Ϫ females females were housed with the stud male, these results suggest that NE is not essential for the formation of an were as fertile as controls. Of 120 plugs detected in control females, 105 (87.5%) resulted in pregnancy, olfactory memory for male pheromones. while 82 pregnancies resulted from 96 matings (85.4%) in mutant females (Figure 1 ). These data were collected Survival of Pups Born to Dbh Ϫ/Ϫ Females A striking finding that resulted from breeding Dbh Ϫ/Ϫ by leaving the mutant females with the stud male for over a week after mating while continuing to check for females was that the majority of their pups did not survive beyond several days after birth ( Figure 2A ). The plugs. The results indicate that the stud male does not cause pregnancy block in the mutant females, contrary genotype of these pups was Dbh ϩ/Ϫ , for which there was a very low incidence of mortality when born to to predictions from pharmacological studies (Keverne and de la Riva, 1982; Rosser and Keverne, 1985 ; Kaba Dbh ϩ/Ϫ females. The survival of the pups did not depend greatly on the size of the litter, and in most cases survival and Keverne, 1988) .
Failure to observe pregnancy block in the Dbh Ϫ/Ϫ feof the litter was all or none. Interestingly, the pups were often observed scattered within the bedding around the males suggests that their olfactory memory for male pheromones is intact. Alternatively, Dbh Ϫ/Ϫ mice may nest rather than gathered into the nest, the latter being observed almost invariably with heterozygous females. not exhibit pregnancy block because adrenergic stimulation is also critical for the induction of estrus by male
In addition to appearing abandoned, dead pups were not cannibalized. Dbh Ϫ/Ϫ dams exhibited a similar phepheromones. To test the latter possibility, Dbh Ϫ/Ϫ females were placed with males of two different strains notype from birth to birth, although occasionally greater or fewer pups survived when comparing the second or 1.5 days after mating. When females were housed with vasectomized BALB/c males after mating, 50% of conthird litter to the first. Thus, neonatal survival was not enhanced by prior birthing experience of the Dbh Ϫ/Ϫ trol females (n ϭ 22) and 59% of Dbh Ϫ/Ϫ females (n ϭ 22) became pregnant ( Figure 1) ; the difference between dams, nor was gathering of pups within the nest ( Figure  2B ). The absence of visible milk in the stomachs of most the genotypes was not significant (p Ͼ .5, 2 ). When females were housed with vasectomized DBA/2 ϫ pups born to Dbh Ϫ/Ϫ females indicated that the pups The number of pups from Dbh ϩ/Ϫ females retrieved (gathered) into the nest after placing one foster pup in each of the three corners not containing the nest. The data are from the second retrieval session; pups were presented for 20 min. The latency to retrieve the first pup is also shown (latency). Numbers above bars represent Figure 3 separate corners of the cage that did not contain the nest. The number of pups gathered into the nest over the next 30 min was scored. Pup retrieval was assessed were not nursing. However, examination of mammary again after another 24 hr for 20 min, during which the gland tissue in pregnant females at E18.5, the day before latency to retrieve each pup and the time spent crouchtheir expected birth, revealed that this tissue developed ing over the retrieved pups was recorded. normally in the Dbh Ϫ/Ϫ females relative to controls (data The majority of Dbh Ϫ/Ϫ virgin females did not gather not shown).
any of the three pups during either the first or second Cross-fostering experiments were performed in an exposure to the neonates; this was in contrast to Dbh ϩ/Ϫ effort to determine whether the primary deficit resided virgin females, which usually gathered all three pups within the Dbh Ϫ/Ϫ dams or their pups. Because the muduring both sessions (p Ͻ .0001; Figure 4 ). Of the mutant tant females appeared to abandon their neonates, we females that did retrieve at least one pup, the latency suspected a deficit in maternal behavior. If this were to retrieve the first pup was about five times longer than the case, then pups born to control (Dbh ϩ/Ϫ ) dams and that for controls (p ϭ .04). Females of both genotypes cross-fostered to Dbh Ϫ/Ϫ dams should fail to thrive, spent most of the remaining test period crouched over while pups born to Dbh Ϫ/Ϫ dams and cross-fostered to the pups after at least one pup had been retrieved (data Dbh ϩ/Ϫ dams should flourish. Surprisingly, almost all not shown). The deficit in pup retrieval was also apparent cross-fostered litters were raised to weaning (Figure in Dbh Ϫ/Ϫ males. Because our control females per-3). These results demonstrate that Dbh Ϫ/Ϫ females can formed just as well during their initial exposure to the nurse, providing further evidence that lactation is not pups as they did on their second exposure, males were impaired. As expected, half of the litters born to the tested with a single exposure to the pups. Dbh ϩ/Ϫ males Dbh Ϫ/Ϫ females were scattered in the bedding before retrieved 2.61 Ϯ .21 pups while Dbh Ϫ/Ϫ males retrieved being cross-fostered. To control for the handling of the 0.28 Ϯ .18 pups (n ϭ 18 for each genotype, p Ͻ .0001). pups and the fact that they were being placed in the nest of the foster female, several litters were crossRescue of Maternal Behavior fostered between Dbh Ϫ/Ϫ females whose pups were
The deficit in maternal behavior could reflect a developscattered in the bedding. None of these litters survived.
mental deficit caused by NE deficiency or it could repreThe results also suggest that if the pups have already sent a physiological deficit. If the latter is correct, then suckled they can elicit appropriate nurturing behavior restoration of NE should reverse the phenotype, and one in the mutant dams.
could ask when and for how long NE must be present to restore normal behavior. To distinguish between these two possibilities, NE was restored to the mutant females Maternal Behavior While intriguing, the cross-fostering experiments did not using the NE precursor, DOPS. All mutant females used in this study had abandoned their first litter, and thus address whether the primary deficit resided within the Dbh Ϫ/Ϫ females or their pups. To test maternal behavior were expected to abandon their second litter. Of the six dams injected with DOPS the morning after giving birth, directly, 2-month-old virgin females and males were examined for their ability to retrieve neonates scattered in none acted maternally and all the pups subsequently died ( Figure 5 ). In contrast, over half of the litters surtheir home cage. Mice were housed individually and provided with cotton to build a nest. Nest building was vived when Dbh Ϫ/Ϫ females were injected with DOPS the evening prior to birth, and even more litters survived generally similar between the genotypes, although occasionally the Dbh Ϫ/Ϫ mice built poor nests. After 24 when DOPS was injected the evening before and the In contrast to the results observed when NE was present during birth, four injections of DOPS every 12 hr starting at either E15.5 or E16.5 did not significantly enhance the survival of pups born to Dbh Ϫ/Ϫ females. Untreated females (n ϭ 11) raised 24% of their pups (n ϭ 54), while treated females (n ϭ 11) raised 38% of their pups (n ϭ 65, p ϭ .10, 2 ). This was the first pregnancy for these females, so some were expected to act maternally. Thus, restoration of NE as late as the morning before birth did not rescue the litters that were subsequently born. Because NE is largely metabolized 24 hr after injection of DOPS, these results indicate that third day of foster pup presentation. Retrieval sessions were performed 5-6 hr after the DOPS injection because brain NE levels peak around this time (S. A. T. and morning after birth. In comparing the results from those injected after birth to those injected before and after R. D. P., unpublished data). To our surprise, DOPS did not significantly enhance pup retrieval by the mutant birth, the difference in litter survival was highly significant (p ϭ .002, 2 ). Remarkably, 85% of the mutant virgin females (data not shown). DOPS rescue of maternal behavior during parturition ( Figure 5 ) was performed females whose maternal behavior had been rescued by DOPS with their second litter also behaved maternally in females that were ‫4ف‬ months old. Because we have noted some other delays in development (Thomas et toward their third litter, this time in the absence of NE.
For the injections just prior to birth, carbidopa was al., 1995; Tafari et al., 1997) we also tested virgin females that were 4-5 months old. Virgin females at this age included with the DOPS because DOPS alone was toxic to the fetuses. Carbidopa is an inhibitor of aromatic L behaved similarly to those at 2 months: controls retrieved all three pups while the mutants usually retrieved amino acid decarboxylase; it does not cross the blood brain barrier, therefore it prevents the conversion of none (p Ͻ .0001, Figure 6A ). A second group of 4-to 5-month-old mutant females was injected with DOPS DOPS into NE in the periphery but not in the CNS. With the dose of DOPS plus carbidopa used here, 11%-26% plus carbidopa at the same dose that was successful in rescuing maternal behavior during parturition. Injections of normal NE levels were restored in various regions of the CNS while levels in the periphery were less than 1%
were given 5-6 hr before each of the two pup presentations. Pup retrieval was not significantly greater in the of normal (Table 1) . The requirement for NE in the CNS but not in the periphery is consistent with the hypothesis DOPS-injected mice relative to the uninjected mice (p ϭ .89), although the trend suggested that there may have that maternal behavior is impaired in Dbh Ϫ/Ϫ mice. Levels are those at 5 hr after intraperitoneal injection of DOPS at 0.5 mg/g plus carbidopa at 0.125 mg/g (DOPS/C). Striatum includes the rostral caudate/putamen, nucleus accumbens, and olfactory tubercle. Values are given as ng/mg protein except for serum, which is ng/ml. Values are the mean of 5 samples plus or minus the standard error. Asterisks indicate where values were below the limit of detection.
been some improvement ( Figure 6A ). The lack of a significant enhancement in pup retrieval by DOPS might have been due to insufficient repletion of NE. Therefore, pup retrieval also was tested in mice injected with twice the dose of DOPS, and another injection was given the evening in between the retrieval sessions to maintain NE levels overnight. Carbidopa was not used so that NE would be restored in the periphery as well as the CNS. In spite of the greater levels of NE achieved (data not shown), no pup retrieval was observed in the 8 mutant females tested under these conditions ( Figure 6A ). This regimen of DOPS was also tested in 2-month-old mutant males, and it did not significantly improve pup retrieval either (0.56 Ϯ .36 of three possible pups retrieved, p ϭ .43, t test). The inability of DOPS to rescue pup retrieval in mutant virgin females was probably not simply due to the lack of some factor present during pregnancy because control virgin females and young males exhibited robust pup retrieval. However, it is possible that either pregnancy or parturition overcomes the developmental deficit in maternal behavior owing to the absence of NE. To test this idea, pup retrieval was examined in mutants either shortly before or after birth in the absence and in the presence of DOPS. For the period just prior to birth, pup retrieval remained poor in the mutant females, and four injections of DOPS every 12 hr starting at either E15.5 or E16.5 did not significantly improve retrieval or latency (p ϭ .71 and p ϭ .51 respectively, Figure 6 ). For the period immediately after birth, pup retrieval by the uninjected mutant females was improved relative to that for virgin or pregnant mutant females. Not surprisingly, this Figure 4 is shown, pup retrieval was still less than that observed for conexcept that the females were 4-5 months old. Control females were Dbh ϩ/Ϫ (black bar). Dbh Ϫ/Ϫ females were either untreated (Dbh Ϫ/Ϫ , trols, and the latency of retrieval was no better than hatched bar), given the same dose of DOPS plus carbidopa as used that observed in mutant virgin females. Importantly, four in Figure 5 on the morning of each of the two retrieval sessions injections of DOPS every 12 hr starting at E18.5 (which (DOPS, gray bar), or given twice the dose of DOPS (no carbidopa) would include the time of parturition) improved the numon both mornings and the evening in between (2ϫ DOPS; 0 pups ber of pups retrieved (p ϭ .047, Figure 6B ) and the retrieved). Numbers above bars represent the number of females tested. Statistical analysis was performed using ANOVA for unequal latency to retrieve the first pup (p ϭ .008, Figure 6C All foster pups used in the retrieval assays above The number of pups retrieved and the latency to retrieve dams from which the foster pups were born was not important.
the first pup were nearly identical to the results obtained (C) Latency to gather the first pup by Dbh Ϫ/Ϫ females. Procedure was that described part B. Statistical analysis was performed using when pups from Dbh ϩ/Ϫ females were used (Figure 6 ). to test retrieval in virgin Dbh ϩ/Ϫ females: all three pups were retrieved by each of the six females tested. Thus, there is no distinguishing feature of pups born to Dbh Ϫ/Ϫ females that alters retrieval behavior.
Discussion
By eliminating the synthetic enzyme for NE through targeted-disruption of the Dbh gene, mice are unable to produce either NE or epinephrine, the endogenous ligands for the adrenergic receptors (Thomas et al., 1995) . One of the goals of this approach was to determine what the critical roles of these compounds are with respect to behavior. This has been difficult to achieve pharmacologically, even though good agents exist that either block the adrenergic receptors or lesion noradrenergic terminals. There are several inherent problems with the pharmacological approach. First, it is difficult to block all adrenergic receptors sufficiently without simultaneously affecting other processes due to nonspecific interactions. Second, noradrenergic terminal ablation results in the loss of all cotransmitters in addition to NE. Third, agents must be applied at the appropriate time and place. Thus, a genetic approach permits the screening of all potential phenotypes specifically due to these transmitters, unencumbered by assumptions.
One difficulty using standard gene-targeting techniques is the potential for developmental as well as physiological effects. Indeed, Dbh Ϫ/Ϫ fetuses largely die in mid-gestation, possibly owing to cardiovascular insufficiency (Thomas et al., 1995) . The use of the synthetic precursor of NE, DOPS, has allowed us to meet the requirement for NE in utero, and it has been a useful tool for determining whether a phenotype is due to a DOPS is used to restore NE, it reduces the excess DA levels only minimally (S. A. T. and R. D. P., unpublished data). Thus, any phenotype reversed by DOPS treatment is much more likely to result from the absence of NE rather than the ectopic release of DA. DA may also mask Olfaction potential phenotypes by acting as a weak adrenergic Maternal behavior in the mouse depends on olfaction.
agonist. This question can be addressed in future studRemoval of the olfactory bulbs in mice results in canniies by generating mice that have neither NE nor DA in balism or abandonment of newborns (Grandelman et their noradrenergic terminals. al., 1970). While accessory olfactory pathways appear to be intact in the Dbh Ϫ/Ϫ females (see above), it remains possible that the main olfactory pathways are altered. To Olfactory Memory test this, mice were subjected to an avoidance paradigm
We anticipated a deficit in olfactory memory for pherothat depends on the detection of volatile odorants mones in Dbh Ϫ/Ϫ females because there is considerable known to activate the main olfactory system. Presentaevidence implicating NE in the formation of an olfactory tion of an odorant was followed by LiCl injection, thus memory of the stud male's pheromones by the female pairing detection of the odorant with an aversive stimushortly after mating in mice (Keverne and de la Riva, lus. The ability to detect and avoid the odorant was 1982; Rosser and Keverne, 1985 ; Kaba and Keverne, assessed beginning the next day. The ability of Dbh Ϫ/Ϫ 1988; Brennan et al., 1990) . However, the Dbh Ϫ/Ϫ females mice to detect and avoid either amyl acetate or methyl maintained their pregnancies in the continued presence salicylate was not significantly different from that of of the stud male, and they responded with normal pregDbh ϩ/Ϫ mice ( Figure 7) . Avoidance of these compounds nancy block to strange males. The results suggest that was minimal when they were not paired with LiCl in-NE is not essential for olfactory memory of pheromones. However, it is possible that the mechanisms normally jection. orchestrated by NE have been taken over by DA, which even though they were gathered in the nest. Second, litters that were cross-fostered between Dbh Ϫ/Ϫ females should be released in place of NE. It will be important to repeat these studies in mice lacking both DA and NE also perished. ate these actions except under the special circumstance mice is probably not due to secondary changes in horof birth, when a proper environment again allows NE to mones associated with parturition that have been implialter these pathways. NE may be normally released in cated in maternal behavior. Oxytocin is not essential for the brain secondary to the sensory experience associmaternal behavior in mice as revealed by gene targeting ated with delivery. NE metabolites increase in the sub- (Nishimori et al., 1996) . Signaling through the prolactin stantia nigra, and NE release increases in the olfactory receptor is essential for both proper maternal behavior bulb of multiparous but not primiparous sheep during and lactation (Ormandy et al., 1997) , a phenotype that parturition (Kendrick et al., 1988; L'evy et al., 1993) . In is distinct from that manifest by the Dbh Ϫ/Ϫ mice. the rat, small changes in hypothalamic NE metabolism If the primary deficit is in maternal behavior, then why have been documented in the immediate postpartum did the Dbh Ϫ/Ϫ females raise pups that were cross-fosperiod, and differences also exist between controls and tered from Dbh ϩ/Ϫ females? One important difference is rats induced to act maternally by pup exposure (Moltz that the cross-fostered pups have already had nurturing et al., 1975; Rosenberg et al., 1976) . Cervical stimulation experience prior to being placed with the Dbh Ϫ/Ϫ femimicking coitus in mice is known to release NE in the males. The nurturing experience may alter the behavior olfactory bulbs but not in cortical areas (Rosser and of these pups. For example, rat dams coat their nipples . with amniotic fluid and this attracts the neonates (Blass Olfactory cues from neonates are necessary to elicit and Teicher, 1980). Similar maternal cues in mice may nurturing behavior in mice (Grandelman et al., 1970) and cause the pups cross-fostered from the Dbh ϩ/Ϫ females are necessary and sufficient for mice to locate pups in to act more aggressively in seeking out the nipple of a maze (Smotherman et al., 1974 , 1990; Calamandrei et al., 1992 ; Kendrick cues to their pups; such a deficit would compound their et al., 1992). In rats, intraventricular administration of deficit in retrieval. It is clear that nurturing experience 6-OHDA 2 days before birth reduced postpartum materdoes not make pups more meaningful to virgin Dbh Ϫ/Ϫ nal behavior, while administration 4 days after birth had females because these females fail to retrieve foster no effect on the maintenance of maternal behavior (Ropups that have been nurtured by Dbh ϩ/Ϫ females. Ansenberg et al., 1977) . The effects on maternal behavior other difference that might account for the observation of depleting NE in the olfactory bulb of mice using that Dbh Ϫ/Ϫ females raised cross-fostered pups is that 6-OHDA are similar to, but less severe than, targeted these pups were placed as a group into the nests of the disruption of the Dbh gene. About 70% of females that Dbh Ϫ/Ϫ females, which is not how their own pups were have 6-OHDA lesions of the olfactory system exhibit found in about half of the Dbh Ϫ/Ϫ litters. Two observacannibalism of a few of their pups (Calamandrei et al., tions diminish the importance of this difference, how-1992), while most neonates of Dbh Ϫ/Ϫ mice appear to be abandoned and die shortly after birth without being ever. First, some litters born to Dbh Ϫ/Ϫ females perished (Sigma) to prevent oxidation, were made fresh daily, and were procannibalized. The difference in phenotypes of 6-OHDAtected from light. Mice were genotyped by PCR using a pair of lesioned and the Dbh Ϫ/Ϫ mice may be due to incomplete primers to amplify a fragment from the neomycin (Neo) resistance depletion of NE in the olfactory bulbs or to lack of deplegene inserted into the Dbh locus, and another pair to amplify a tion at other central or peripheral sites.
fragment from the segment of the Dbh gene that was replaced by NE may be important for the induction of immediate
Neo. All genotyping was subsequently confirmed by the phenotype characteristics of ptosis and delayed growth during adolescence in early genes in response to pup exposure. When the the Dbh Ϫ/Ϫ mice.
noradrenergic input to the olfactory bulbs of mice was lesioned using 6-OHDA, immunodetection of the c-fos after pup exposure. The MPOA has been shown to be or BALB/c ϫ CBA F1 (unfamiliar) male, the female was removed from the stud male cage 1 day after a plug was detected and placed a crucial center for the expression of nurturing behavior with an unfamiliar male for 3 days (the period during which block (Numan et al., 1988) . A requirement for FosB induction occurs owing to inhibition of implantation). Females were then is consistent with the observation that in rats, maternal housed together for the remainder of gestation. Although not ideal, behavior is induced by chronic pup exposure (Rosena cage containing an unfamiliar male typically had several females blatt, 1967; Fleming and Rosenblatt, 1974) and is depen- 129/Sv ϫ BALB/c mice used in the FosB study. However, we found that pup retrieval and crouching over the re- Sv ϫ C57BL/6 control mice. Although these mice had females were housed separately at E16.5 with a cotton square available for nest building. Initially Dbh Ϫ/Ϫ females were mated with never been previously exposed to pups, they gathered in the previous ‫21ف‬ hr was made near the beginning and end of the mice and the mice used in the FosB study could be due light cycle each day. A note was made as to whether the pups were gathered in the nest or scattered in the bedding. For the crossto a partial strain difference or the age of the mice (4-6.5
fostering studies, only pups born on the same night were used. All weeks old versus 7-9 weeks old in our study). Regardpups were placed into the nest of the recipient female.
less, it seems likely that a requirement for FosB in our control mice would depend on expression of FosB prior
Retrieval of Foster Pups
to pup exposure because there would not be sufficient pup exposure, should help address these questions.
For females, a second session of pup retrieval was given 1 day later. This session was identical to the first except that the duration was only 20 min, and the behavior of the females was monitored throughExperimental Procedures out this time for the latency to retrieve each foster pup and time spent crouching over all pups (1-3) once they had been retrieved.
Animals
Only pups brought into the nest were counted as being retrieved. The mice used throughout this study were third to eighth generation
The paradigm was identical for females that had just delivered exhybrids of 129/SvCPJ and C57BL/6J inbred strains. Mice used for cept that her own pups were removed from the cage 30 min prior experiments were between 4 and 8 months old except for pup to foster pup introduction on postnatal days 1 and 2. retrieval by young males and females, which were about 2 months old. Dbh ϩ/Ϫ mice were used as controls because these mice have normal levels of NE and epinephrine (S. A. T., A. Matsumoto, and DOPS and Catecholamines Dbh Ϫ/Ϫ mice that were administered DOPS received subcutaneous R. D. P., unpublished data). Mice were housed at 22ЊC on a 14:10 hr light:dark cycle with the dark cycle occurring from 20:00 to 06:00.
injections of either 0.5 or 1 mg/g DOPS at 20 mg/ml in 0.2 M HCl. The solution was neutralized with NaOH just prior to injection. Where Food and water were provided ad lib. For fetal rescue, the maternal drinking water was supplemented with 10 g/ml each of phenylephindicated, 0.125 mg/g carbidopa (Research Biochemicals, Natick, MA) was administered along with the DOPS in the same solution. rine and isoproterenol (both from Sigma) from E9.5 to E14.5 and 1 mg/ml of L-DOPS (Sumitomo Pharmaceuticals, Osaka, Japan) from Multiple injections were given 12 or 24 hr apart as indicated, the last injection being ‫5ف‬ hr prior to testing or sacrifice for catecholamine E14.5 to birth. Both solutions contained 2 mg/ml of ascorbic acid measurements because NE levels generally peak around that time with the mice, and B. Marck and A. Matsumoto for the catecholamine measurements. This work was supported in part by NIH grant HD (S. A. T., A. Matsumoto, and R. D. P., unpublished data).
For catecholamine measurements, mice were rapidly asphyxiated 09172. over dry ice, blood was removed by cardiac puncture, and 6 ml of ice-cold phosphate-buffered saline (pH 7) was administered via Received June 16, 1997; revised October 16, 1997. cardiac perfusion. Tissues were rapidly dissected over wet ice, frozen over dry ice, and stored at Ϫ80ЊC. To extract the catecholaReferences mines, tissues were first homogenized in 0.2-1 ml of 0.1 M perchloric acid (J. T. Baker) buffer with 0.01% cysteine (Sigma) and 3,4-dihyBarnes, C.D., and Pompeiano, O., eds. (1991) . Progress in Brain droxybenzylamine HBr (Sigma) at 10 ng/ml for CNS tissues and 100
Research 88, Neurobiology of the Locus Coeruleus (London, Enng/ml for peripheral tissues. An aliquot of 0.4 ml was then sonicated. gland: Elsevier). All samples were maintained at 4ЊC until injection into the HPLC. Sonicates were centrifuged for 10 min at 18,700g. A 100 l aliquot Blass, E.M., and Teicher, M.H. (1980) . Suckling. Science 210, 15-22. of supernatant was added to 20 mg of acid-washed alumina and Brennan, P., Kaba, H., and Keverne, E.B. (1990) . Olfactory recogni-400 l of 0.5 M Tris buffer with 2% EDTA and rotated overnight.
tion: a simple memory system. Science 250, 1223-1226. The alumina was washed twice with 1 ml of distilled water, and then Brown, J.R., Ye, H., Bronson, R.T., Dikkes, P., and Greenberg, M.E. catecholamines were extracted with 100 l of 0.1 M perchloric acid (1996) . A defect in nurturing in mice lacking the immediate early buffer with 0.01% cysteine. The HPLC was run at a flow rate of 1 gene fosB. (1988) . The effect of microinfusions of measured after 24 hr, fresh solutions were provided, and the position drugs into the accessory olfactory bulb on the olfactory block to of the water bottles was reversed. Consumption was again recorded pregnancy. Neuroscience 25, 1007-1011. at 48 hr. The preference ratio was calculated as the amount of Kendrick, K.M., Keverne, E.B., Chapman, C., and Baldwin, B.A. odorant solution consumed relative to the total solution consumed.
(1988). Intracranial dialysis measurement of oxytocin, monoamine The highest concentrations of the odorants were tested in an identiand uric acid release from the olfactory bulb and substantia nigra cal manner except that no LiCl injection was given. Because olfacof sheep during parturition, suckling, separation from lambs and tory discrimination varies with the estrus cycle, males were used eating. Brain Res. 439, 1-10. for this test.
Kendrick, K.M., Levy, F., and Keverne, E.B. (1992) . Changes in the sensory processing of olfactory signals induced by birth in sheep.
Histology
Science 256, 833-836. Histology was performed by cardiac perfusion with neutral-buffered Keverne, E.B. (1983) . Pheromonal influences on the endocrine reguformalin (NBF) followed by postfixation with NBF, dehydration, and lation of reproduction. Trends Neurosci. 6, 381-384. embedding in paraffin. Sections were stained with hematoxylin and eosin. Keverne, E.B. (1988) . Central mechanisms underlying the neural and neuroendocrine determinants of maternal behavior. Psychoneuroendocrinology 13, 127-141.
Data Analysis
All data are reported as the mean plus or minus the standard error.
Keverne, E.B., and de la Riva, C. (1982) . Pheromones in mice: recipData were analyzed with the aid of Origin 4.1 and SPSS 7.5 software.
rocal interaction between the nose and brain. Nature 296, 148-150. Statistical significance was determined using chi-squared analysis Levi-Montalcini, R., and Angeletti, P.U. (1966) . Immunosympathec- ( 2 ) where indicated, and Student's independent two-way t test when tomy. Pharmacol. Rev. 18, 619-628. variances between genotypes were not significantly different by L'evy, F., Gervais, R., Kindermann, U., Orgeur, P., and Piketty, V. Levene's test. When they were different, the nonparametric Mann-(1990) . Importance of ␤-noradrenergic receptors in the olfactory Whitney U test was used. The behavior of 4-month-old virgin females bulb of sheep for recognition of lambs. Behav. Neurosci. 104, was analyzed by one-way ANOVA for unequal variances with post-464-469. hoc comparisons using Tamhane's T2 test; olfactory data were ana-L'evy, F., Guevara-Guzman, R., Hinton, M.R., Kendrick, K.M., and lyzed by two-way ANOVA. Keverne, E.B. (1993) . Effects of parturition and maternal experience on noradrenaline and acetylcholine release in the olfactory bulb of
